Abstract Age-related effects are often included as covariates in the analytical model for genome-wide association analysis of quantitative traits reflecting human health. Nevertheless, previous studies have hardly examined the effects of age on the proportion of variation explained by single nucleotide polymorphisms (PVSNP) in these traits. In this study, the PVSNP estimates of body mass index (BMI), waist-to-hip ratio, pulse pressure, high-density lipoprotein cholesterol level, triglyceride level (TG), low-density lipoprotein cholesterol level, and glucose level were obtained from Korean consortium metadata partitioned by gender or by age. Restricted maximum likelihood estimates of the PVSNP were obtained in a mixed model framework. Previous studies using pedigree data suggested possible differential heritability of certain traits with regard to gender, which we observed in our current study (BMI and TG; P<0.05). However, the PVSNP analysis based on age revealed that, with respect to every trait tested, individuals aged 40 to 49 exhibited significantly lower PVSNP estimates than individuals aged 50 to 59 or 60 to 69 (P<0.05). The consistent heterogeneous PVSNP with respect to age may be due to degenerated genetic functions in individuals between the ages of 50 and 69. Our results suggest the genetic mechanism of age-and gender-dependent PVSNP of quantitative traits related to human health should be further examined.
Introduction
The expression of quantitative traits is often influenced by multiple genes and various environmental exposures, and the contribution of genetic factors to their phenotypic variability can be expressed as heritability in a population. Traditionally, the heritability of these traits has been estimated based on pedigree analysis by using covariance among relatives. Recently, abundant data describing human genome-wide genetic markers have been made available through advanced genotyping technologies such as DNA microarray chips and nextgeneration sequencing. Genetic covariance among individuals now can be assessed using this genomic information without the need for pedigrees (Yang et al. 2011a) . The proportion of variation explained by single nucleotide polymorphisms (PVSNP) can be estimated as a heritability using genetic and residual variance component estimates obtained by employing a mixed model (Kang et al. 2010; Yang et al. 2011a, b) .
Traditional heritability for quantitative traits has been estimated by including age and sex as covariates in the analytical model because they are considered important contributors to the expression of many quantitative human traits. The analytical method assumes homogeneous variances across age and sex groups. Thus, the inclusion of covariates has been widely used for estimating PVSNP based on the presence of genome-wide markers (Vattikuti et al. 2012; Yang et al. 2013) . Nevertheless, potential differences in PVSNP between males and females or among age groups have been hardly investigated by this method for obesity index, pulse pressure (PP), or cholesterol levels.
In this study, we explored the effects of age and gender on the PVSNP in important quantitative traits reflecting human health status, such as cholesterol levels and certain body measurements. We obtained the PVSN P estimates using restricted maximum likelihood (REML) analysis within a mixed model framework.
Material and methods

Subjects and data
The current study used large-scale cohort data from the Korea Association Resource (KARE) Consortium, which included single nucleotide polymorphism (SNP) genotypes of 8,842 individuals obtained using the Affymetrix Genome-Wide Human SNP Array 5.0 (Affymetrix, Inc., Santa Clara, CA, USA) with quality control assurance (Cho et al. 2009 ). Genotypes of SNPs on sex chromosomes were excluded from the analysis. Unobserved SNP genotypes for each individual in the cohort were imputed with the Japanese and Chinese HapMap phase 2 haplotype panel using the IMPUTE software program (Ryoo et al. 2011) . Data from 7,172 individuals were used in our study after removing data from related individuals with a relationship coefficient of 0.025 or greater. This filtration can reduce confounding produced by environmental effects associated with close genetic relationships.
Seven quantitative traits related to human health status were analyzed in this study: body mass index (BMI), waist-to-hip ratio (WHR), PP (diastolic blood pressure subtracted from systolic blood pressure measured lying positions), high-density lipoprotein cholesterol level measured in blood (HDL), triglyceride level measured in blood (TG), low-density lipoprotein cholesterol level calculated by the Friedewald formula (LDL), and glucose level measured when fasting (GLU). Subjects with treatment that influences quantitative traits were excluded from this study. Missing data for each phenotypic variable were excluded from the analysis. We also excluded negative values of LDL calculated by the Friedewald formula. Values for each analyzed phenotype and the sample sizes of individuals tested are For each quantitative trait, mean estimates sharing the same superscript do not differ significantly from each other with regard to age or gender groups (P>0.05) BMI body mass index, WHR waist-to-hip ratio, PP pulse pressure, HDL high-density lipoprotein cholesterol, TG triglyceride, LDL low-density lipoprotein cholesterol, GLU glucose presented with their means and standard deviations in Table 1 .
Estimation of PVSNP
Genetic and residual variances were estimated using a mixed model as follows:
where y is a vector of phenotypes adjusted for gender or age, g is a vector of normally distributed random genetic effects with N(0,Gσ g 2 ), and e is a vector of normally distributed random residuals with N(0, Gσ g 2 ). G represents the genetic relationship matrix with elements of the pairwise relationship coefficient as follows:
where n ij (n ik ) is the number (0, 1, or 2) of the reference allele for the ith SNP of the jth (kth) individuals, and p i is the frequency of the reference allele of the ith SNP. The values σ g 2 and σ e 2 are genetic and residual variance components, and I is an identity matrix. ψ is the number of SNPs used in the analysis. We included SNPs associated with phenotypes (P<0.01). The associations with Fig. 1 The proportion of variation explained by single nucleotide polymorphisms (PVSNP) in quantitative traits using data partitioned by age. PVSNP (Y-axis) was estimated by the number (X-axis) of priority SNPs with low P values. Heterogeneity of PVSNP by age was observed for all the traits (P<0.05). Abbreviations: BMI, body mass index; WHR, waist-tohip ratio; PP, pulse pressure; HDL, high-density lipoprotein cholesterol; TG, triglyceride; LDL, low-density lipoprotein cholesterol; GLU, glucose SNPs were identified by adding fixed effects in the analytical model:
where β is the fixed additive genetic effect for the candidate SNP to be tested for association, and x is the vector with elements coded as 0, 1, or 2 for homozygous reference alleles, heterozygous alleles, and homozygous alternate alleles, respectively. The genetic relationship matrix was then generated after excluding all the SNPs located on the same chromosome as the analyzed SNP.
The genetic and residual variance components were estimated using REML analysis. Estimates of the variance components were obtained using Genomewide Complex Trait Analysis freeware (GCTA, version 2.0) (Yang et al. 2011a) . The PVSNP of the phenotypic variables was calculated as
using the REML estimates, in which we estimated using data partitioned by age (40-49, 50-59, or 60-69) or by gender (male or female).
Estimation of correlation
Correlation analysis was conducted with respect to effect sizes of SNPs for each quantitative trait using data partitioned by age or gender. Correlation coefficients were estimated using SPSS 12.0 (SPSS Inc., Chicago, IL).
Results
The expression levels of several quantitative traits of individuals in this study differed by age and gender (Table 1) . One notable example involves the relationship between age and the traits of BMI, WHR, and PP (P<0.05). In addition, gender-specific means showed significant differences for all analyzed traits except for LDL (P<0.05). The observed means for BMI, PP, and HDL were significantly lower in males than in females, whereas the means for WHR, TG, and GLU were higher in males (P<0.05). Figure 1 illustrates the heterogeneity of PVSNP estimates with respect to age for all tested traits. Specifically, the heritability estimates of GLU in individuals aged 50 to 59 and 60 to 69 were not significantly different from each other (P>0.05), but the estimates from both age groups were higher than that for the corresponding phenotype in individuals aged 40 to 49 (P<0.05). Heterogeneity decreased as numbers of SNPs included in the analytical model decreased. Especially, significant heterogeneity was not observed when fewer than 500 SNPs were analyzed (P>0.05).
As shown in Fig. 2 , PVSNP estimates of most quantitative traits did not differ significantly between males and females (P>0.05). We observed heterogeneous PVSNP only for BMI and TG, whose estimates were greater in males than females (P<0.05).
Correlation between regression coefficients estimated from gender-partitioned data was lower for TG than those for the other traits, but their significances were all absent (P>0.05, Table 2 ). Correlations estimated from age-partitioned data were lower for all the quantitative traits than those estimated with gender-partitioned data, and their statistical significances were observed for BMI, HDL, and GLU (P<0.05, Table 2 ).
Discussion
Heritability describes the relative contribution of genetic factors to the phenotypic variability of a complex trait in a population, which is often dynamic due to various environmental exposures. Our current study found that the PVSNP estimates for quantitative traits reflecting human health were heterogeneous with respect to age and gender. While gender-related heterogeneity was observed for only BMI and TG, age-related heterogeneity was observed for all the quantitative traits (BMI, WHR, PP, HDL, TG, LDL, and GLU) analyzed in this study. The PVSNP estimates for traits in individuals aged 50 to 59 or 60 to 69 were greater than those in individuals aged 40-49. The heterogeneity by age was attributed considerably to difference in genetic variance (Fig. 3) , indicating genetic factors may exert more influence in older individuals. However, caution is warranted in applying this explanation to individuals whose ages are outside the range of this study, and the difference may not be observed with limited number of SNPs (e.g., <500 in this study). The differences in PVSNP were likely caused by the increased genetic variability of many traits expressed between the ages of 50 and 69. This finding implies that genetic factors may have a larger influence on degeneration of biological functions than environmental factors at this age range. Our observations of heterogeneous PVSNP with respect to age might be supported by a recent study in which an age-by-genotype interaction effect was found for identifying expression quantitative trait loci (eQTL) for HDL (rs2182114) (Yao et al. 2013) . Interestingly, in spite of the general trend of the agedependent PVSNP observed across multiple quantitative traits, most previous studies have ignored heterogeneous PVSNP and have treated the age effects as covariates in the analytical model (Cho et al. 2009; Heid et al. 2010 ). This exclusion could lead to reduced accuracy in estimating genetic effects, and spurious genetic associations Table 2 Correlation estimates±standard errors between regression coefficients using data partitioned by age or gender for quantitative traits reflecting health BMI body mass index, WHR waist-to-hip ratio, PP pulse pressure, HDL high-density lipoprotein cholesterol, TG triglyceride, LDL low-density lipoprotein cholesterol, GLU glucose might be identified by disregarding heterogeneity in the analysis. Furthermore, the use of trivariate mixed model treating the three age groups as different traits would help improve statistical power in identifying genetic associations by genetic correlation (Lee et al. 2012; Korte et al. 2012) . Similarly, bivariate mixed model treating males as one trait and females as the other trait can be employed for traits with gender-dependent PVSNP (Lee and Pollak 1997) . This study showed that the heterogeneity between 50s and 60s was not apparent. This might be resulted from excluding subjects with treatment that influences quantitative traits, and they were more frequent in 60s. For example, the PVSNP of GLU for 60s was smaller than that for 50s. Furthermore, an exceptional reduction in the corresponding genetic and environmental variance components for 60s was also observed. This might come from excluding subjects with antidiabetic treatments.
The gender-related heterogeneity of PVSNP we observed could be attributed to gender-specific secreted steroid hormones. For example, peroxisome Fig. 3 Genetic and residual variance component estimates for quantitative traits using data partitioned by age a or gender b. Abbreviations: BMI, body mass index; WHR, waist-to-hip ratio; PP, pulse pressure; HDL, highdensity lipoprotein cholesterol; TG, triglyceride; LDL, lowdensity lipoprotein cholesterol; GLU, glucose proliferator-activated receptor γ-2 (PPARγ-2) can be modulated by hormonal factors and can inhibit the expression of the gene encoding estrogen synthesis proteins (Memisoglu et al. 2002) . In addition, a genetic association between BMI and a missense polymorphism (Pro12Ala) in the PPARγ-2 gene has been found in males (P<0.05) but not in females (P>0.05) (Ben Ali et al. 2009 ). Conversely, an intronic dinucleotide repeat polymorphism in the hormone-sensitive lipase (HSL) gene has been associated with female BMI (P<0.05) but not with male BMI (P>0.05) (Lavebratt et al. 2002) . The female-specific association of the HSL polymorphism was also observed with TG expression (P<0.05) (Lavebratt et al. 2002) . A female-specific association of TG was found with nucleotide variants in and between introns 11 and 12 of the gene encoding scavenger receptor class B type 1, which regulates estrogen (P<0.05) (Chiba-Falek et al. 2010) . Our observations of heterogeneous PVSNP according to gender concurred with these previous studies, which used pedigree analysis to estimate heritability (Pan et al. 2007; Luo et al. 2010) . Furthermore, both of the studies showed that their heritability estimates for males were larger than those for females, which is consistent with our results.
However, we did not observe gender-related heterogeneous PVSNP in most of the traits analyzed. These results suggest collective genetic effects, but not necessarily individual genetic effects, were comparable between genders. For example, female-specific associations have been reported between GLU and nucleotide variants of the gene encoding CDKAL1 and HHEX (Ryoo et al. 2011 ) and between WHR and those of GRB14, LYPLAL1, and ADAMTS9 genes (P<0.05) (Heid et al. 2010) . The correlation coefficients estimated from our current study also showed that gender differences in individual genetic effects were not negligible, even for quantitative traits without heterogeneity. This finding might be supported by analyzing dimorphisms by gender-specific gene expression profiling (Parsch and Ellegren 2013) and eQTL (Yao et al. 2013 ). Gender-related heterogeneous heritability of LDL and HDL has already been observed in previous studies using pedigree information (Pan et al. 2007 ).
This study implied that PVSNP should be estimated with the data partitioned by both age and gender for BMI and TG. A further study with a larger sample size is in order because the difference by gender was not found within the same age group (P>0.05, data are not shown).
We should note that the analytical model used in the current study might produce a potential bias in estimating PVSNP by assumption violations in constructing genomic relationships. It is not easy for any genomic relationships to appropriately reflect contributions to a specific quantitative trait. The problem of inclusion/exclusion of false positively/negatively associated SNPs was not reflected in the analysis. Nevertheless, we employed the analytical model with selected SNPs instead of the infinitesimal model to avoid underestimating PVSNP by diluted genomic relationship (Listgarten et al. 2012; Ryoo and Lee 2014) . Also, estimates of PVSNP can be influenced by uneven linkage disequilibrium and unweighted SNP effects Speed et al. 2013) . Thus, the current analytical method might not be robust to assumption violations, which might produce potential bias in PVSNP estimates. However, it might be unlikely to influence their heterogeneity by gender because of equal conditions given to males and females.
We found age-dependent heterogeneity in the proportion of variance explained by a set of associated SNPs for quantitative traits reflecting human health. The heterogeneity by gender was also found using the genomic data, rather than pedigree information. Correlation analysis showed that genetic effects of individual SNPs differed more by age than by gender, suggesting that an age-dependent genetic architecture for the expression of complex traits should be further investigated. Additional studies are warranted to identify the underlying genetic mechanism(s) of age-related effects on phenotypic variability.
